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Abstract: Temperature is a key regulator of brown adipose tissue (BAT) function, acting through central sensory inputs to
influence metabolism and energy storage. Although animal models have produced a wealth of information on the
pathways, effectors and responses mediating the physiological response of adipose tissue to temperature in vivo, the
use of cell culture models now offers evidence of an additional cell-autonomous response to temperature changes, in
the absence of neural input. In particular, stem cell models provide new insight into the regulation of adipogenic
differentiation and the induction of browning features in vitro. Here the basis for adipogenic responsiveness to low
temperature is discussed, together with different human cell models available to outline the benefits of cell-based
approaches for future BAT research.
Abbreviations
WAT White adipose tissue
BAT Brown adipose tissue
UCP1 Uncoupling protein 1
TRP Transient receptor potential
SNS Sympathetic nervous system
NE Norepinephrine
β3-ARs β3-adrenergic receptors
PKA Protein kinase A
PPARγ Peroxisome proliferator-activated receptor-
gamma
PGC-1α PPARγ-coactivator-1-alpha
iPS Induced pluripotent stem cells
BM Bone marrow
MSC Mesenchymal stromal cells (MSC)
SERCA2b Sarco-endoplasmic reticulum Ca2+ -ATPase 2b
TRPV1-4 Transient receptor potential cation channel
subfamily V member 1-4
TRPM8 Transient receptor potential cation channel
subfamily M member 8.
Introduction
Adipose tissue exerts important physiological roles in health
and disease, including endocrine, metabolic and thermal
control. In mammals, at least three types of adipose tissue
exist, white (WAT), brown (BAT) and beige adipose tissue
(Cinti, 2012; Chechi et al., 2018). They differ in anatomical
location, morphology, and physiological role. WAT acts as
the main site of metabolic energy storage and excessive
accumulation leads to obesity and associated pathologies
such as diabetes type 2, cardiovascular diseases, several
cancers and osteoporosis (Bray et al., 2017). In contrast,
BAT is a major site of thermogenesis in small mammals,
hibernators, and infants. It can be activated by a range of
stimuli including cold exposure, nutrients and adrenergic
receptor agonist (Himms-Hagen et al., 1994; Klingenspor,
2003; Westerterp-Plantenga et al., 1999). The unique role of
BAT is due to the presence of a specific mitochondrial
uncoupling protein 1 (UCP1), which uncouples oxidative
phosphorylation from ATP synthesis, thus burning stored
energy by generating heat (Himms-Hagen, 1990). When
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maximally activated, BAT generates up to 300 times more
heat per mass unit than any other organ in the body
(Power, 1989; Symonds et al., 2015) which hints at a
potential role in energy dissipation that could be useful for
obesity regulation.
Alongside their distinct physiological roles, WAT and
BAT adipocytes also exhibit different morphological features.
Unlike white adipocytes, which are identifiable by a large
lipid droplet, flattened nucleus, and a low number of
mitochondria, brown adipocytes are characterised by
numerous small lipid droplets, centrally positioned nucleus,
and abundant mitochondria (Cinti, 2005; Suter, 1969).
Clusters of UCP1-expressing cells, so-called beige or brite
adipocytes have also been found in some WAT depots, and
their activation is referred to as browning (Bartelt and
Heeren, 2014; Nedergaard and Cannon, 2014). The most
studied physiological mechanism known to induce browning
of white adipocytes is based on cold exposure (Van Der Lans
et al., 2013; Walden et al., 2012), however, browning can also
be induced by nutritional and pharmacological activators
such as capsaicin, fibroblast growth factor-21 (FGF21)
(Kim et al., 2013) or mirabegron, a highly β3-selective
adrenergic agonist (Barbatelli et al., 2010; Finlin et al., 2018;
Petrovic et al., 2010). When fully stimulated, beige cells are
able to increase lipolysis, lipid droplet number, mitochondrial
density and show varying levels of UCP1 in different adipose
depots, hinting to a thermogenic capacity typically seen in
BAT (Nedergaard and Cannon, 2013; Ohno et al., 2012; Vitali
et al., 2012), and could thus serve as a model to study a cell-
autonomous response to temperature (Velickovic et al., 2018).
Several lines of evidence suggest that the browning
process could play a role in controlling whole-body energy
balance by promoting increased energy consumption at the
expense of excessive adipose storage in the form of WAT
(Kim and Plutzky, 2016; Quesada-Lopez et al., 2016;
Shabalina et al., 2013), thus contributing to better metabolic
health. In both human and rodent models, the main areas
containing brown adipocytes are recognised for having a
greater density of capillaries and noradrenergic fibres when
compared to WAT regions (Cinti, 2000, 2005; Zingaretti et
al., 2009). Using glucose or fatty acid imaging tracers
alongside a morphological and molecular characterization,
Zhang and colleagues showed a high similarity in the
distribution of brown and beige depots in humans and
rodents (Zhang et al., 2018). Human BAT is heterogeneous,
consisting of both brown and beige cells; their proportion
depends on anatomical location and varies according to age
and anatomical region (Bartelt and Heeren, 2014). Classical
brown fat depots in infants and rodents are mainly
distributed around the interscapular space in the upper back
region and perirenal sites (Park et al., 2014). The main BAT
fat depots in adult humans are located within the
supraclavicular, cervical, axillary, and paravertebral regions,
with a predominantly beige molecular signature in the
supraclavicular area and a classical brown adipocyte
signature in the deep neck. Mouse inguinal adipose tissue is
the largest depot able to recruit beige adipocytes upon
chronic cold exposure (Walden et al., 2012) while it was
recently reported that human brown fat depots contain
beige adipocytes showing increased thermogenesis and
molecular characteristics similar to murine beige cells
(Wu et al., 2012).
All adipocytes originate from a mesodermal progenitor
(Park et al., 2014; Seale et al., 2008). Although beige
adipocytes share many features with brown adipocytes, they
are associated with different marker genes (De Jong et al.,
2015; Sharp et al., 2012; Wu et al., 2012) and developmental
source (Sanchez-Gurmaches et al., 2012; Timmons et al.,
2007). It has been shown that brown adipocytes arise from
cells expressing the homeobox gene Engrailed 1 (En1).
These En1 expressing cells give rise to brown adipocytes in
anterior depots, while En1 negative cells contribute to BAT,
muscle and dermis development. Brown adipocytes
precursors also express myogenic factor 5 (Myf5) and paired
box 7 (Pax7) (Lepper and Fan, 2010). Furthermore,
embryonic brown adipocyte precursors express the helix-
loop-helix transcriptional factor early B-cell factor 2 (EBF2)
and are able to differentiate into brown adipocytes
expressing UCP1 and PRDM16 (Seale et al., 2008; Wang et
al., 2014). Depending on their level of Pax7 expression, cells
can commit to brown adipogenic or skeletal muscle lineage,
respectively (Lepper and Fan, 2010). Moreover, beige
adipocytes arise from heterogeneous populations of
adipogenic precursors and can be identified by the
expression of CD137, transmembrane protein 26
(TMEM26), proton-coupled amino acid transporter 2
(PAT2) and P2X purinoreceptor 5 (P2RX5) surface markers.
In addition to skeletal muscle and BAT, myogenic factor 5
(Myf5)-positive precursor cells also have the potential to
give rise to white and beige adipocytes (Ambele et al., 2020)
as recent studies have confirmed that white adipocytes from
the interscapular, anterior and retroperitoneal depots
originate from Myf5 expressing cells (Sanchez-Gurmaches
and Guertin, 2014).
Physiological temperature response
BAT is highly responsive and rapidly adapts to changes in
environmental temperature, and cold exposure is considered
to be the primary physiological stimuli for BAT activation
(Cannon and Nedergaard, 2004; Klingenspor, 2003).
Exposure to cold activates transient receptor potential (TRP)
channels present in skin sensory nerves, which in turn, send
signals to the brain (Wetsel, 2011). A complex process of
thermogenic stimulation of BAT then follows, coordinated
by the sympathetic nervous system (SNS) (Bamshad et al.,
1999). BAT is highly innervated by numerous sympathetic
nerve fibres which release norepinephrine (NE), the main
neurotransmitter. NE stimulates alpha- and beta-adrenergic
receptors. β3-adrenergic receptors (β3-ARs) are considered
the most important adrenergic receptors mediating
thermogenic action. Coupled to adenylate cyclase, β3-ARs
mediate a rise in intracellular cAMP, which in turn activates
the cAMP-dependent protein kinase A (PKA) and
phosphorylation of the transcription factor response
element-binding protein, CREB (Zhang et al., 2004). This
canonical pathway leads to increased lipolysis (Himms-
Hagen, 1990) and releases fatty acids, which can activate
mitochondrial UCP1 and serve as an energy source for
thermogenesis (Matthias et al., 2000).
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Cold exposure triggers dynamic structural and functional
alterations in BAT, including UCP1 activation (Klaus et al.,
1991), hyperplasia and hypertrophy (Bukowiecki et al.,
1986), increased mitochondriogenesis (Puigserver et al.,
1998; Suter, 1969), but also enhanced BAT vascularisation
(Hausman and Richardson, 2004) and innervation (Geloen
et al., 1992). At the molecular level, these changes are under
the control of numerous transcriptional factors and
coactivators, particularly peroxisome proliferator-activated
receptor gamma (PPARγ) and PPARγ-coactivator-1-alpha
(PGC-1α) (Petrovic et al., 2010; Uldry et al., 2006). A
reduction in environmental temperature can also promote
beige cell activation (Barbatelli et al., 2010; Himms-Hagen
et al., 2000). Moreover, BAT activation by cold exposure has
been reported in several human studies (Hanssen et al.,
2016; Law et al., 2018; Saito et al., 2009; Van Der Lans et al.,
2013; Van Marken Lichtenbelt et al., 2009) underlining the
important role of temperature on brown adipocyte
thermogenic activation as an evolutionarily conserved feature.
Numerous small animal models, such as chemical and
surgical denervation (Festuccia et al., 2010; Takahashi et al.,
1992) have demonstrated a crucial role of SNS in BAT
thermogenesis and WAT browning, which involve different
adrenergic receptors (Cinti et al., 2002; Jimenez et al., 2003;
Nedergaard and Cannon, 2014). Although it is widely
accepted that the predominant β-adrenoceptor subtype in
brown and beige adipose tissue is the β3-adrenoceptor
(Cinti et al., 2002; Himms-Hagen, 1990; Ramseyer and
Granneman, 2016), recent studies shown that, in contrast to
rodents, human BAT thermogenesis occurs through β2-AR
signalling both in vivo and in vitro (Blondin et al., 2020;
Jocken et al., 2007; Schiffelers et al., 2001). Along with SNS
input, the parasympathetic nervous system is involved in the
regulation of energy expenditure and energy intake
(Bartness et al., 2010), for which two small BAT depots,
mediastinal and pericardial, are parasympathetically
innervated (Giordano et al., 2004; Schafer et al., 1998).
Thus, there is a complex interplay between SNS and sensory
nerves mediating the response of adipocytes to temperature.
BAT is the main site of non-shivering thermogenesis,
and since thermogenesis is impaired in UCP1 deficient
mice, the role of UCP1 could be interpreted as indispensable
in this process. However, several studies carried out in
UCP1-deficient mice hint at the possible existence of an
alternative thermogenic mechanism to maintain body
temperature (Liu et al., 2003; Olsen et al., 2017; Ukropec
et al., 2006). Besides cold exposure, other factors have been
observed to affect browning including calcium, creatine and
N-acyl amino acids, mediating a UCP1-independent
thermogenic process (Bertholet et al., 2017; Ikeda et al.,
2017; Kazak et al., 2015; Long et al., 2016; Ukropec et al.,
2006). Although the mechanisms involved in UCP1-
independent thermogenesis are unclear, they could involve
an ATP-consuming process specific for beige adipocytes
(Anunciado-Koza et al., 2008; Ikeda et al., 2017; Kazak et
al., 2015). The possibility that temperature changes could
also induce an adipogenic response in a cell-autonomous
manner is an open question, which requires in vitro models
to explore the thermogenic responsiveness in adipocytes in
the absence of sympathetic and sensory inputs/outputs.
In vitro models for BAT research
Although research on BAT has largely relied on in vivomodels
to study functional responses to physiological stimuli, the
number of translational cell models available for research is
expanding. Samples extracted from pheochromocytomas, an
adrenal tumour type associated with increased BAT
propensity (Vergnes et al., 2016; Wang et al., 2011), have
provided a source of human mesenchymal-like stromal
progenitors with demonstrated inducible browning ability
(Di Franco et al., 2014). More recently, a non-pathological
human alternative to the pheochromocytoma model has
emerged through pluripotent stem cells. Yao et al. (2019)
reported a detailed treatment for the production of BAT-like
cells from induced pluripotent stem cells (iPS) originating
from neural cells (Hafner et al., 2018; Yao et al., 2019).
These cells were used to identify new brown lineage markers
such as PR domain containing 16 (PRDM16),
Iodothyronine Deiodinase 2 (Dio2) and paired box gene 3
(Pax3) (Mohsen-Kanson et al., 2014), and highlighted
differences in the signals required by primary tissue-derived
cultures to achieve lineage commitment, such as the
inhibitory effect of the transforming growth factor β (TGFβ)
pathway on brown adipogenesis (Hafner et al., 2016).
Adipose tissue itself has produced several culture models for
BAT studies. Cells harvested from neck tissue, known to
harbour BAT-like cells within the supraclavicular region,
have been successfully cultured and differentiated to a
brown phenotype (Lee et al., 2014; Liu et al., 2019). Human
subcutaneous WAT samples were also used to yield
multipotent progenitor cultures induced to acquire
molecular and functional brown features over a 2-week
treatment in vitro (Elabd et al., 2009). This process was
found to involve PPARγ signalling, as also observed in
mouse cultures (Merlin et al., 2018; Petrovic et al., 2008).
Different tissue sources beside traditional adipose depots
have been used to isolate cells with inducible browning
features. Mesenchymal stromal progenitors from the bone
marrow (BM) can acquire brown-like features in vitro
(Velickovic et al., 2018), adding to the repertoire of cell
models for BAT research. The mammary gland may offer a
further source of cells with browning capacity, as recently
hinted for mouse mammary alveolar epithelial cells
(Giordano et al., 2017). Progenitors isolated from separate
anatomical locations might, however, vary in their
differentiation potential or signalling requirements,
highlighting the need to compare cultures prepared from
WAT, BAT, BM, and other sources to identify potential
tissue-specific regulators of BAT induction.
In vitro evidence outlining a cell-autonomous effect of low
temperature on beige/brown adipogenic differentiation and
activation
Evidence of cell-autonomous responses to temperature has
arisen from studies carried out in a range of cell types,
including adipocytes but also myocytes, chondrocytes and
osteoblasts, which share a common mesenchymal origin
(Caplan, 1991; Pittenger et al., 1999; Prockop, 1997).
Typically, mesenchymal stromal cells (MSC) culture in vitro
is performed at 37°C, chosen for optimal growth for most
mammalian cells (Watanabe and Okada, 1967). Both
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hyperthermia and hypothermia can affect cell survival;
however, cells appear more sensitive to hyperthermia
(Kalamida et al., 2015). While hyperthermia shows mostly
deleterious effects (Chen et al., 2017; Dickson and Shah,
1972; Rodriguez-Luccioni et al., 2011), hypothermia effects
on cell growth are considered largely cell line dependent
with cell type-dependent effects on ATP levels, cell
respiration and glucose uptake (Chuppa et al., 1997;
Hendriks et al., 2017; Muckle and Dickson, 1971; Velickovic
et al., 2018; Vergara et al., 2018).
Beside the aforementioned temperature responsiveness
mediated through sympathetic regulation, a small number
of in vitro studies have highlighted an adipocyte-
autonomous response (Fig. 1). An explant model using
human adipose tissue depleted of blood vessels, cultured at
lower temperatures than controls (32–34.5°C) produced a
reduction in leptin secretion (Peino et al., 2000). Several
hours of cold exposure (31°C) induced thermogenic gene
markers UCP1 and PGC-1α, increased respiration, and 20%
more uncoupled respiration in 3T3-F442A white-adipose
tissue-derived mesenchymal stromal cells, with no obvious
change in adipocyte markers (i.e., adipocyte protein 2,
PPARγ and adiponectin). Longer periods (10 days) at 33°C
showed an increase in a whole array of thermogenic genes
expression and interestingly, this activation was independent
of the canonical cAMP/PKA/CREB pathway. Raising the
temperature to 39°C in the same study indicated that
thermogenic induction is not a nonspecific response to
temperature stress (Ye et al., 2013). As reported there, the
temperature-induced thermogenic program was found to be
specific for white and beige cells (mouse cell lines, mouse
primary white/beige adipose tissue-derived mesenchymal
stromal cells, and human primary subcutaneous adipose
tissue-derived mesenchymal stromal cells) but not classical
brown adipocytes.
In a more recent study from our group (Fig. 2), the
functional bioenergetic changes resulting from the cold
exposure of beige-like adipocytes in culture were confirmed
by measurements of oxygen consumption rate and
uncoupled respiration using the Seahorse assay (Divakaruni
et al., 2014). This study compared BM-derived
mesenchymal stromal progenitors differentiated at 32°C
(hypothermic) with 37°C cultures (control) (Velickovic et
al., 2018). Under hypothermic conditions, adipogenesis was
enhanced, with a rise in smaller lipid droplets accompanied
by increased UCP1 and beige-selective gene expression,
suggesting a brown-like response (Velickovic et al., 2018).
PGC-1α protein expression was increased in adipocytes
cultured at hypothermia, as observed in BAT in vivo
(Klingenspor, 2003; Puigserver et al., 1998), with nuclear
localization (Velickovic et al., 2018).
Thus, based on results from several groups, there is
strong evidence that adipocytes can respond to cold directly
in a cell-autonomous manner. It seems likely that
temperature-sensitive induction of a thermogenic response
is not a hallmark of all adipocyte types, as beige and white
adipocytes possess this ability while brown adipocytes
are not capable of sensing temperature changes in vitro
(Ye et al., 2013). According to the literature, the dynamics
of the cell-autonomous adipogenic and thermogenic
response appears to depend on numerous factors, including
the duration of the stimulus and the type of adipocyte
FIGURE 1. Cell thermogenesis mechanisms.
In vivo, the UCP1-dependent pathway involves cold-activated TRPs on sensory neurons, which transmit information on temperature changes
to the brain and activate the sympathetic nervous system (SNS). Norepinephrine (NE) release and adrenergic activation increases cAMP levels
and promotes a cascade of signals leading to the release of free fatty acids (FFA). Although several TRPs are involved in the TRPs-SNS-BAT
axis in vivo, possible TRPs direct activation in brown adipocytes in BAT remains to be clarified (dashed arrow). In addition, beige cells are able
to respond to temperature changes in cell-autonomous manner, with an alternative UCP1-independent thermogenic mechanism affecting
adipogenic gene expression. NAA, nonessential amino acids; LD, lipid droplet, N, nucleus.
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(Kern et al., 2014; Vargas et al., 2015; Velickovic et al., 2018;
Ye et al., 2013).
Role for TRP channels in temperature sensing in vitro
The mechanism by which cooling can modify the activity of
adipocytes in culture remains to be elucidated. Using β-less
mice Ye and colleagues demonstrated that beige cell-
autonomous response to cold exposure can be β-AR-
independent, with the sarco-endoplasmic reticulum
Ca2+-ATPase 2b (SERCA2b) found to be required for beige
fat thermogenesis in both the presence and the absence of
UCP1 (Ye et al., 2013). At present, in vitro studies point to
a role for TRP channels as molecular sensors for
temperature in adipocytes and suggest they may mediate
cell-autonomous adipogenic function (Ma et al., 2012;
Uchida et al., 2018; Ye et al., 2012). These channels respond
to a range of stimuli including Ca2+, temperature, osmotic
pressure, cyclic nucleotides, and dietary compounds. They
could therefore represent a beneficial intervention route to
regulate energy metabolism, adipogenesis and related
pathologies (Zheng, 2013). Among TRP channels, members
of transient receptor potential cation channel subfamily V
member 1-4 (TRPV1-4) and transient receptor potential
cation channel subfamily M member 8 (TRPM8) are the
best-characterized, showing an important role in
proliferation, differentiation and thermogenesis (Bishnoi
et al., 2013; Khare et al., 2019; Uchida et al., 2018; Ye et al.,
2012; Zhai et al., 2020). Ye and colleagues reported that
TRPV1/TRPV4 double-knockout mouse adipocytes
(primary cells) respond to cold temperature exposure (31°C)
and increase UCP1 mRNA expression (Ye et al., 2013),
suggesting a temperature sensing mechanism that could be
independent of TRPV1 and TRPV4. However, the possible
involvement of TRPV1 was suggested in brown-like
adipocytes from BM-derived mesenchymal stromal cells
after treatment at 32°C (Velickovic et al., 2018), with
increased TRPV1 gene expression and TRPV1/UCP1
protein co-expression, as well as strong cytoplasmic Ca2+
signal consistent with TRPV1 activation (Wetsel, 2011).
TRP channels are the major class of Ca2+-permeable
channels (Uchida et al., 2017), and evidence regarding the
importance of both extracellular and intracellular Ca2+ levels
for adipogenesis (Ikeda et al., 2017; Jensen et al., 2004;
Uchida et al., 2017) hint that TRP functions in adipogenesis
and thermogenic activation could be at least in part
mediated by alterations in intracellular calcium levels and
signalling pathway.
TRP can also be activated by specific agonists and other
mechanisms, as observed for TRPV2, that can respond to
mechanical force (Sun et al., 2016), whilst the TRP cation
channel subfamily A member 1 (TRPA1) responds to the
alkamide trans-pellitorine, inhibiting lipid accumulation in
adipocytes (Lieder et al., 2017). TRPM8 can be activated by
menthol stimulating thermogenic gene expression in
primary mouse (Jiang et al., 2017) and human white
adipocytes (Rossato et al., 2014). Modulation by compounds
selective for TRP channels such as capsaicin (Saito, 2015),
menthol (Jiang et al., 2017) and other dietary components
(Watanabe and Terada, 2015) has thus been considered as a
potential intervention route to regulate obesity and
associated comorbidities. Moreover, capsaicin has been
widely investigated on the basis of its ability to decrease
body temperature, increase satiety and energy expenditure
in different species, including humans (Belza et al., 2007;
Hori, 1984; Westerterp-Plantenga et al., 2005).
Whilst the role of TRP channels has been analysed in
tissues such as skin and the gastrointestinal tract (Caterina
and Pang, 2016; Holzer, 2011), their precise role and
FIGURE 2. In vitro model of MSC adipogenic differentiation.
(A) Oil red O staining of differentiated mouse MSCs compared to undifferentiated cells (control) after 7 days of treatment at 37°C. Scale bar: 50 µm.
(B) Super-resolved structured illumination microscope image showing presence of UPC1 (green) in adipogenic treated mouse MSCs after 7 days of
treatment at 37°C with nuclear counterstain (n, blue) and lipid droplets (asterisks). Scale bar: 2 µm.
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underlying mechanism in adipocytes still needs to be clarified.
The fact that TRPs are expressed in numerous tissues in the
human body, which are not exposed to temperature changes
(Kunert-Keil et al., 2006), suggests different roles and could
open a new research avenue for adipogenesis research,
as their activation may represent a promising option to
combat obesity.
Perspectives for translational research
Due to its high metabolic capacity, BAT has become an
attractive new target for therapeutic interventions seeking to
manage WAT-related conditions, such as obesity and
diabetes. Culture models represent a potential resource to
develop drug discovery approaches and high throughput
screening, with a view to identifying agents with pro-
browning potential in vitro before taking them through in
vivo validation (Nie et al., 2017; Qiu et al., 2018). Whilst the
physiological role of SNS and β3-ARs in the UCP1-
dependent pathway is well established, other ways to
activate and/or recruit beige cells, including through a cell-
autonomous pathway, is of particular importance due to the
prevalence of beige adipocytes and β2-ARs in adult humans
(Blondin et al., 2020; Ikeda et al., 2017). However, many
questions remain unanswered regarding the precise role of
TRP receptors and their activation in beige and brown
adipocytes. Moreover, beige adipocytes arise from different
developmental lineages dispersed heterogeneously in certain
depots, which might possess lineage plasticity and behave
according to specific factors and stimuli (Sanchez-
Gurmaches and Guertin, 2014). More research is also
required to establish the conditions required for the
prolonged retention of active beige adipocytes and their
detection. In humans, 18F-fluorodeoxyglucose (18F-FDG)
positron emission tomography-computed tomography
(PET-CT) presents a gold standard for the measurement of
metabolically active BAT and it has been shown that
correspond to histologically confirmed BAT depots (Cypess
et al., 2009). Since PET-CT reveals glucose metabolism in
BAT and other tissues, and not primary BAT fuel (fatty
acids) (Nedergaard et al., 2007; Shreve et al., 1999), methods
to detect metabolically active and inactive BAT, as well as
beige depots, are still missing. Furthermore, the potential
use of BAT activation for obesity management still requires
a better understanding of the physiological factors
conditioning an individual’s browning capacity such as age,
gender and health condition (Kim et al., 2016; Pfannenberg
et al., 2010; Valencak et al., 2017; Valle et al., 2007). Some
studies point to a declining in BAT with age (Cypess et al.,
2009; Pfannenberg et al., 2010; Saito et al., 2009; Villarroya
et al., 2009), other factors may have an impact on these
parameters and thus modify the clinical translation of in
vitro findings.
With the continued need to address obesity and related
conditions for public health, the drive for practicable
interventions to improve metabolic regulation could benefit
from cell-based models amenable to compound screening
(Fig. 3). Apart from cold exposure as a typical model of cell-
autonomous response to temperature, this could be done by
using a molecule, either a drug or a natural compound (Lin
et al., 2015; Quesada-Lopez et al., 2016; Sato et al., 2020),
which can modulate brown/beige cells activity, directly or
using delivery systems, such as nanoparticles or lipid
nanocarriers (Xue et al., 2016; Zu et al., 2018). As a proof
of concept and example, we recently identified caffeine as
a compound promoting browning features in stem cell
cultures, before confirming that coffee consumption can
activate BAT metabolism in healthy volunteers
(Velickovic et al., 2019). This illustrates how tissue
culture models could facilitate the identification of novel
small molecules, drugs or dietary nutraceuticals
promoting BAT function (Okla et al., 2017; Rodriguez
Lanzi et al., 2018).
Another potential translational application could involve
cellular therapies using in vitro differentiated and
metabolically activated brown/beige adipocytes for
transplantation, as a means to improve metabolic
homeostasis. Finally, the availability of new tissue-derived
and potentially patient-derived cellular models opens the
possibility for more specialised BAT models. It could
include the study of BAT response in cells representing
specific pathologies, physiological background or conditions
such as diabetic or metabo-deficient phenotypes, which are
accessible from patients through primary cell isolation or
personalised iPS models and can enable the finer analysis of
adipogenic and thermogenic traits.
Availability of Data and Materials: The data used to support
the findings of this study are available from the corresponding
author upon request.
FIGURE 3. Clinical exploitation of patient-derived cellular models.
New cell-based approach could be used to generate patient-specific adipogenic models as tools for selective compound screening (drugs,
molecules, nutraceuticals) before in vivo validation.
506 KSENIJA VELICKOVIC et al.
Funding Statement: This work was supported by the
Biotechnology and Biological Sciences Research Council
[Grant No. BB/M008770/1] and a studentship from
CONACyT. We are grateful to Dušan Radojević (U. of
Belgrade) for his help with the illustrations. VS is supported
by a grant from the Italian Ministry of Education,
University and Research (MIUR) to the Department of
Molecular Medicine of the University of Pavia under the
initiative ‘Dipartimenti di Eccellenza (2018-2022)’.
Conflicts of Interest: The authors declare that they have no
conflicts of interest to report regarding the present study.
References
Ambele MA, Dhanraj P, Giles R, Pepper MS (2020). Adipogenesis: A
complex interplay of multiple molecular determinants and
pathways. International Journal of Molecular Sciences 21:
4283. DOI 10.3390/ijms21124283.
Anunciado-Koza R, Ukropec J, Koza RA, Kozak LP (2008).
Inactivation of UCP1 and the glycerol phosphate cycle
synergistically increases energy expenditure to resist diet-
induced obesity. Journal of Biological Chemistry 283:
27688–27697. DOI 10.1074/jbc.M804268200.
Bamshad M, Song CK, Bartness TJ (1999). CNS origins of the
sympathetic nervous system outflow to brown adipose
tissue. American Journal of Physiology-Regulatory,
Integrative and Comparative Physiology 276: R1569–R1578.
DOI 10.1152/ajpregu.1999.276.6.R1569.
Barbatelli G, Murano I, Madsen L, Hao Q, Jimenez M, Kristiansen K,
Giacobino JP, De Matteis R, Cinti S (2010). The emergence of
cold-induced brown adipocytes in mouse white fat depots is
determined predominantly by white to brown adipocyte
transdifferentiation. American Journal of Physiology-
Endocrinology and Metabolism 298: E1244–E1253. DOI
10.1152/ajpendo.00600.2009.
Bartelt A, Heeren J (2014). Adipose tissue browning and metabolic
health. Nature Reviews Endocrinology 10: 24–36. DOI
10.1038/nrendo.2013.204.
Bartness TJ, Vaughan CH, Song CK (2010). Sympathetic and sensory
innervation of brown adipose tissue. International Journal of
Obesity 34: S36–S42. DOI 10.1038/ijo.2010.182.
Belza A, Frandsen E, Kondrup J (2007). Body fat loss achieved by
stimulation of thermogenesis by a combination of bioactive
food ingredients: A placebo-controlled, double-blind 8-
week intervention in obese subjects. International Journal
of Obesity 31: 121–130. DOI 10.1038/sj.ijo.0803351.
Bertholet AM, Kazak L, Chouchani ET, Bogaczynska MG, Paranjpe I,
Wainwright GL, Betourne A, Kajimura S, Spiegelman BM,
Kirichok Y (2017). Mitochondrial patch clamp of beige
adipocytes reveals UCP1-positive and UCP1-negative cells
both exhibiting futile creatine cycling. Cell Metabolism 25:
811–822.e4. DOI 10.1016/j.cmet.2017.03.002.
Bishnoi M, Kondepudi KK, Gupta A, Karmase A, Boparai RK (2013).
Expression of multiple Transient Receptor Potential channel
genes in murine 3T3-L1 cell lines and adipose tissue.
Pharmacological Reports 65: 751–755. DOI 10.1016/S1734-
1140(13)71055-7.
Blondin DP, Nielsen S, Kuipers EN, Severinsen MC, Jensen VH,
Miard S, Jespersen NZ, Kooijman S, Boon MR, Fortin M,
Phoenix S, Frisch F, Guerin B, Turcotte EE, Haman F,
Richard D, Picard F, Rensen PCN, Scheele C, Carpentier
AC (2020). Human brown adipocyte thermogenesis is
driven by β2-AR stimulation. Cell Metabolism 32: 287–300.
e7. DOI 10.1016/j.cmet.2020.07.005.
Bray GA, Kim KK, Wilding JPH, World Obesity F (2017). Obesity: A
chronic relapsing progressive disease process. A position
statement of the World Obesity Federation. Obesity Reviews
18: 715–723. DOI 10.1111/obr.12551.
Bukowiecki LJ, Geloen A, Collet AJ (1986). Proliferation and
differentiation of brown adipocytes from interstitial cells during
cold acclimation. American Journal of Physiology-Cell Physiology
250: C880–C887. DOI 10.1152/ajpcell.1986.250.6.C880.
Cannon B, Nedergaard J (2004). Brown adipose tissue: Function and
physiological significance. Physiological Reviews 84: 277–359.
DOI 10.1152/physrev.00015.2003.
Caplan AI (1991). Mesenchymal stem cells. Journal of Orthopaedic
Research 9: 641–650. DOI 10.1002/jor.1100090504.
Caterina MJ, Pang Z (2016). TRP channels in skin biology and
pathophysiology. Pharmaceuticals (Basel) 9: 77. DOI
10.3390/ph9040077.
Cinti S (2000). Anatomy of the adipose organ. Eating and Weight
Disorders Studies on Anorexia, Bulimia and Obesity 5: 132–
142. DOI 10.1007/BF03354443.
Cinti S (2005). The adipose organ. Prostaglandins, Leukotrienes and
Essential Fatty Acids 73: 9–15. DOI 10.1016/j.plefa.2005.04.010.
Cinti S (2012). The adipose organ at a glance. Disease Models &
Mechanisms 5: 588–594. DOI 10.1242/dmm.009662.
Cinti S, Cancello R, Zingaretti MC, Ceresi E, De Matteis R, Giordano
A, Himms-Hagen J, Ricquier D (2002). CL316,243 and cold
stress induce heterogeneous expression of UCP1 mRNA
and protein in rodent brown adipocytes. Journal of
Histochemistry & Cytochemistry 50: 21–31. DOI 10.1177/
002215540205000103.
Cypess AM, Lehman S, Williams G, Tal I, Rodman D, Goldfine AB,
Kuo FC, Palmer EL, Tseng YH, Doria A, Kolodny GM, Kahn
CR (2009). Identification and importance of brown adipose
tissue in adult humans. New England Journal of Medicine
360: 1509–1517. DOI 10.1056/NEJMoa0810780.
Chechi K, Van Marken Lichtenbelt W, Richard D (2018). Brown and
beige adipose tissues: Phenotype and metabolic potential in
mice and men. Journal of Applied Physiology (1985) 124:
482–496. DOI 10.1152/japplphysiol.00021.2017.
Chen YD, Zhang Y, Dong TX, Xu YT, Zhang W, An TT, Liu PF, Yang
XH (2017). Hyperthermia with different temperatures inhibits
proliferation and promotes apoptosis through the EGFR/
STAT3 pathway in C6 rat glioma cells. Molecular Medicine
Reports 16: 9401–9408. DOI 10.3892/mmr.2017.7769.
Chuppa S, Tsai YS, Yoon S, Shackleford S, Rozales C, Bhat R, Tsay G,
Matanguihan C, Konstantinov K, Naveh D (1997).
Fermentor temperature as a tool for control of high-density
perfusion cultures of mammalian cells. Biotechnology and
Bioengineering 55: 328–338. DOI 10.1002/(SICI)1097-0290
(19970720)55:2<328::AID-BIT10>3.0.CO;2-D.
De Jong JM, Larsson O, Cannon B, Nedergaard J (2015). A stringent
validation of mouse adipose tissue identity markers. American
Journal of Physiology-Endocrinology and Metabolism 308:
E1085–E1105. DOI 10.1152/ajpendo.00023.2015.
Di Franco A, Guasti D, Mazzanti B, Ercolino T, Francalanci M, Nesi
G, Bani D, Forti G, Mannelli M, Valeri A, Luconi M (2014).
Dissecting the origin of inducible brown fat in adult humans
through a novel adipose stem cell model from adipose tissue
surrounding pheochromocytoma. Journal of Clinical
Endocrinology & Metabolism 99: E1903–E1912. DOI
10.1210/jc.2014-1431.
ADIPOCYTES RESPOND TO TEMPERATURE CHANGES IN A CELL-AUTONOMOUS MANNER 507
Dickson JA, Shah DM (1972). The effects of hyperthermia (42°C) on the
biochemistry and growth of a malignant cell line. European
Journal of Cancer (1965) 8: 561–571. DOI 10.1016/0014-2964
(72)90110-7.
Divakaruni AS, Paradyse A, Ferrick DA, Murphy AN, Jastroch M
(2014). Analysis and interpretation of microplate-based
oxygen consumption and pH data. Methods in Enzymology
547: 309–354. DOI 10.1016/B978-0-12-801415-8.00016-3.
Elabd C, Chiellini C, Carmona M, Galitzky J, Cochet O, Petersen R,
Penicaud L, Kristiansen K, Bouloumie A, Casteilla L, Dani C,
Ailhaud G, Amri EZ (2009). Human multipotent adipose-
derived stem cells differentiate into functional brown
adipocytes. Stem Cells 27: 2753–2760. DOI 10.1002/stem.200.
Festuccia WT, Blanchard PG, Richard D, Deshaies Y (2010). Basal
adrenergic tone is required for maximal stimulation of rat
brown adipose tissue UCP1 expression by chronic PPAR-γ
activation. American Journal of Physiology-Regulatory,
Integrative and Comparative Physiology 299: R159–R167.
DOI 10.1152/ajpregu.00821.2009.
Finlin BS, Memetimin H, Confides AL, Kasza I, Zhu B, Vekaria HJ,
Harfmann B, Jones KA, Johnson ZR, Westgate PM,
Alexander CM, Sullivan PG, Dupont-Versteegden EE, Kern
PA (2018). Human adipose beiging in response to cold and
mirabegron. JCI Insight 3: 950. DOI 10.1172/jci.
insight.121510.
Geloen A, Collet AJ, Bukowiecki LJ (1992). Role of sympathetic
innervation in brown adipocyte proliferation. American
Journal of Physiology-Regulatory, Integrative and
Comparative Physiology 263: R1176–R1181. DOI 10.1152/
ajpregu.1992.263.6.R1176.
Giordano A, Frontini A, Castellucci M, Cinti S (2004). Presence and
distribution of cholinergic nerves in rat mediastinal brown
adipose tissue. Journal of Histochemistry & Cytochemistry
52: 923–930. DOI 10.1369/jhc.3A6246.2004.
Giordano A, Perugini J, Kristensen DM, Sartini L, Frontini A,
Kajimura S, Kristiansen K, Cinti S (2017). Mammary
alveolar epithelial cells convert to brown adipocytes in
post-lactating mice. Journal of Cellular Physiology 232:
2923–2928. DOI 10.1002/jcp.25858.
Hafner AL, Contet J, Ravaud C, Yao X, Villageois P, Suknuntha K,
Annab K, Peraldi P, Binetruy B, Slukvin II, Ladoux A, Dani
C (2016). Brown-like adipose progenitors derived from
human induced pluripotent stem cells: Identification of
critical pathways governing their adipogenic capacity.
Scientific Reports 6: 32490. DOI 10.1038/srep32490.
Hafner AL, Mohsen-Kanson T, Dani C (2018). Differentiation of
brown adipocyte progenitors derived from human induced
pluripotent stem cells. Methods in Molecular Biology 1773:
31–39. DOI 10.1007/978-1-4939-7799-4_4.
Hanssen MJ, Van Der Lans AA, Brans B, Hoeks J, Jardon KM,
Schaart G, Mottaghy FM, Schrauwen P, Van Marken
Lichtenbelt WD (2016). Short-term cold acclimation
recruits brown adipose tissue in obese humans. Diabetes
65: 1179–1189. DOI 10.2337/db15-1372.
HausmanGJ, Richardson RL (2004). Adipose tissue angiogenesis. Journal
of Animal Science 82: 925–934. DOI 10.2527/2004.823925x.
Hendriks KDW, Lupi E, Hardenberg MC, Hoogstra-Berends F,
Deelman LE, Henning RH (2017). Differences in
mitochondrial function and morphology during cooling
and rewarming between hibernator and non-hibernator
derived kidney epithelial cells. Scientific Reports 7: 15482.
DOI 10.1038/s41598-017-15606-z.
Himms-Hagen J (1990). Brown adipose tissue thermogenesis:
Interdisciplinary studies. FASEB Journal 4: 2890–2898. DOI
10.1096/fasebj.4.11.2199286.
Himms-Hagen J, Cui J, Danforth E Jr., Taatjes DJ, Lang SS, Waters
BL, Claus TH (1994). Effect of CL-316,243, a thermogenic
beta 3-agonist, on energy balance and brown and white
adipose tissues in rats. American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology 266:
R1371–R1382. DOI 10.1152/ajpregu.1994.266.4.R1371.
Himms-Hagen J, Melnyk A, Zingaretti MC, Ceresi E, Barbatelli G,
Cinti S (2000). Multilocular fat cells in WAT of CL-
316243-treated rats derive directly from white adipocytes.
American Journal of Physiology-Cell Physiology 279: C670–
C681. DOI 10.1152/ajpcell.2000.279.3.C670.
Holzer P (2011). TRP channels in the digestive system. Current
Pharmaceutical Biotechnology 12: 24–34. DOI 10.2174/
138920111793937862.
Hori T (1984). Capsaicin and central control of thermoregulation.
Pharmacology & Therapeutics 26: 389–416. DOI 10.1016/
0163-7258(84)90041-X.
Ikeda K, Kang Q, Yoneshiro T, Camporez JP, Maki H, Homma M,
Shinoda K, Chen Y, Lu X, Maretich P, Tajima K, Ajuwon
KM, Soga T, Kajimura S (2017). UCP1-independent
signaling involving SERCA2b-mediated calcium cycling
regulates beige fat thermogenesis and systemic glucose
homeostasis. Nature Medicine 23: 1454–1465. DOI
10.1038/nm.4429.
Jensen B, Farach-Carson MC, Kenaley E, Akanbi KA (2004). High
extracellular calcium attenuates adipogenesis in 3T3-L1
preadipocytes. Experimental Cell Research 301: 280–292.
DOI 10.1016/j.yexcr.2004.08.030.
Jiang C, Zhai M, Yan D, Li D, Li C, Zhang Y, Xiao L, Xiong D, Deng
Q, Sun W (2017). Dietary menthol-induced TRPM8
activation enhances WAT “browning” and ameliorates diet-
induced obesity. Oncotarget 8: 75114–75126. DOI
10.18632/oncotarget.20540.
Jimenez M, Barbatelli G, Allevi R, Cinti S, Seydoux J, Giacobino JP,
Muzzin P, Preitner F (2003). Beta 3-adrenoceptor knockout
in C57BL/6J mice depresses the occurrence of brown
adipocytes in white fat. European Journal of Biochemistry
270: 699–705. DOI 10.1046/j.1432-1033.2003.03422.x.
Jocken JW, Blaak EE, Schiffelers S, Arner P, Van Baak MA, Saris WH
(2007). Association of a beta-2 adrenoceptor (ADRB2) gene
variant with a blunted in vivo lipolysis and fat oxidation.
International Journal of Obesity 31: 813–819. DOI 10.1038/
sj.ijo.0803499.
Kalamida D, Karagounis IV, Mitrakas A, Kalamida S,
Giatromanolaki A, Koukourakis MI, Gires O (2015). Fever-
range hyperthermia vs. hypothermia effect on cancer cell
viability, proliferation and HSP90 expression. PLoS One 10:
e0116021. DOI 10.1371/journal.pone.0116021.
Kazak L, Chouchani ET, Jedrychowski MP, Erickson BK, Shinoda K,
Cohen P, Vetrivelan R, Lu GZ, Laznik-Bogoslavski D,
Hasenfuss SC, Kajimura S, Gygi SP, Spiegelman BM
(2015). A creatine-driven substrate cycle enhances energy
expenditure and thermogenesis in beige fat. Cell 163: 643–
655. DOI 10.1016/j.cell.2015.09.035.
Kern PA, Finlin BS, Zhu B, Rasouli N, Mcgehee RE Jr., Westgate PM,
Dupont-Versteegden EE (2014). The effects of temperature
and seasons on subcutaneous white adipose tissue in
humans: Evidence for thermogenic gene induction. Journal
of Clinical Endocrinology & Metabolism 99: E2772–E2779.
DOI 10.1210/jc.2014-2440.
508 KSENIJA VELICKOVIC et al.
Khare P, Chauhan A, Kumar V, Kaur J, Mahajan N, Kumar V, Gesing
A, Chopra K, Kondepudi KK, Bishnoi M (2019). Bioavailable
menthol (Transient Receptor Potential Melastatin-8 Agonist)
induces energy expending phenotype in differentiating
adipocytes. Cells 8: 383. DOI 10.3390/cells8050383.
Kim KH, Kim SH, Min YK, Yang HM, Lee JB, Lee MS (2013). Acute
exercise induces FGF21 expression in mice and in healthy
humans. PLoS One 8: e63517. DOI 10.1371/journal.
pone.0063517.
Kim SH, Plutzky J (2016). Brown fat and browning for the treatment of
obesity and related metabolic disorders. Diabetes &
Metabolism Journal 40: 12–21. DOI 10.4093/dmj.2016.40.1.12.
Kim SN, Jung YS, Kwon HJ, Seong JK, Granneman JG, Lee YH
(2016). Sex differences in sympathetic innervation and
browning of white adipose tissue of mice. Biology of Sex
Differences 7: 67. DOI 10.1186/s13293-016-0121-7.
Klaus S, Casteilla L, Bouillaud F, Ricquier D (1991). The uncoupling
protein UCP: A membraneous mitochondrial ion carrier
exclusively expressed in brown adipose tissue. International
Journal of Biochemistry 23: 791–801. DOI 10.1016/0020-
711X(91)90062-R.
Klingenspor M (2003). Cold-induced recruitment of brown adipose
tissue thermogenesis. Experimental Physiology 88: 141–148.
DOI 10.1113/eph8802508.
Kunert-Keil C, Bisping F, Kruger J, Brinkmeier H (2006). Tissue-
specific expression of TRP channel genes in the mouse and
its variation in three different mouse strains. BMC
Genomics 7: 159. DOI 10.1186/1471-2164-7-159.
Law J, Chalmers J, Morris DE, Robinson L, Budge H, Symonds ME
(2018). The use of infrared thermography in the
measurement and characterization of brown adipose tissue
activation. Temperature 5: 147–161. DOI 10.1080/
23328940.2017.1397085.
Lee P, Werner CD, Kebebew E, Celi FS (2014). Functional
thermogenic beige adipogenesis is inducible in human neck
fat. International Journal of Obesity 38: 170–176. DOI
10.1038/ijo.2013.82.
Lepper C, Fan CM (2010). Inducible lineage tracing of Pax7-
descendant cells reveals embryonic origin of adult satellite
cells. Genesis 48: 424–436. DOI 10.1002/dvg.20630.
Lieder B, Zaunschirm M, Holik AK, Ley JP, Hans J, Krammer GE,
Somoza V (2017). The alkamide trans-pellitorine targets
PPARγ via TRPV1 and TRPA1 to reduce lipid
accumulation in developing 3T3-L1 adipocytes. Frontiers in
Pharmacology 8: 316. DOI 10.3389/fphar.2017.00316.
Lin JZ, Martagon AJ, Cimini SL, Gonzalez DD, Tinkey DW, Biter A,
Baxter JD, Webb P, Gustafsson JA, Hartig SM, Phillips KJ
(2015). Pharmacological activation of thyroid hormone
receptors elicits a functional conversion of white to brown
fat. Cell Reports 13: 1528–1537. DOI 10.1016/j.
celrep.2015.10.022.
Liu J, Kuipers EN, Sips HCM, Dorleijn JC, Van Dam AD,
Christodoulides C, Karpe F, Zhou G, Boon MR, Rensen
PCN, AaF De Vries, Kooijman S (2019). Conditionally
immortalized brown preadipocytes can switch between
proliferative and differentiated states. Biochimica et
Biophysica Acta (BBA)-Molecular and Cell Biology of Lipids
1864: 158511. DOI 10.1016/j.bbalip.2019.08.007.
Liu X, Rossmeisl M, Mcclaine J, Riachi M, Harper ME, Kozak LP
(2003). Paradoxical resistance to diet-induced obesity in
UCP1-deficient mice. Journal of Clinical Investigation 111:
399–407. DOI 10.1172/JCI200315737.
Long JZ, Svensson KJ, Bateman LA, Lin H, Kamenecka T, Lokurkar
IA, Lou J, Rao RR, Chang MR, Jedrychowski MP, Paulo JA,
Gygi SP, Griffin PR, Nomura DK, Spiegelman BM (2016).
The secreted enzyme PM20D1 regulates lipidated amino
acid uncouplers of mitochondria. Cell 166: 424–435. DOI
10.1016/j.cell.2016.05.071.
Ma S, Yu H, Zhao Z, Luo Z, Chen J, Ni Y, Jin R, Ma L, Wang P, Zhu
Z, Li L, Zhong J, Liu D, Nilius B, Zhu Z (2012). Activation of
the cold-sensing TRPM8 channel triggers UCP1-dependent
thermogenesis and prevents obesity. Journal of Molecular
Cell Biology 4: 88–96. DOI 10.1093/jmcb/mjs001.
Matthias A, Ohlson KB, Fredriksson JM, Jacobsson A, Nedergaard J,
Cannon B (2000). Thermogenic responses in brown fat cells
are fully UCP1-dependent. UCP2 or UCP3 do not substitute
for UCP1 in adrenergically or fatty scid-induced
thermogenesis. Journal of Biological Chemistry 275: 25073–
25081. DOI 10.1074/jbc.M000547200.
Merlin J, Sato M, Nowell C, Pakzad M, Fahey R, Gao J, Dehvari N,
Summers RJ, Bengtsson T, Evans BA, Hutchinson DS
(2018). The PPARγ agonist rosiglitazone promotes the
induction of brite adipocytes, increasing β-adrenoceptor-
mediated mitochondrial function and glucose uptake.
Cellular Signalling 42: 54–66. DOI 10.1016/j.
cellsig.2017.09.023.
Mohsen-Kanson T, Hafner AL, Wdziekonski B, Takashima Y,
Villageois P, Carriere A, Svensson M, Bagnis C, Chignon-
Sicard B, Svensson PA, Casteilla L, Smith A, Dani C (2014).
Differentiation of human induced pluripotent stem cells
into brown and white adipocytes: Role of Pax3. Stem Cells
32: 1459–1467. DOI 10.1002/stem.1607.
Muckle DS, Dickson JA (1971). The selective inhibitory effect of
hyperthermia on the metabolism and growth of malignant
cells. British Journal of Cancer 25: 771–778. DOI 10.1038/
bjc.1971.91.
Nedergaard J, Bengtsson T, Cannon B (2007). Unexpected evidence
for active brown adipose tissue in adult humans. American
Journal of Physiology-Endocrinology and Metabolism 293:
E444–E452. DOI 10.1152/ajpendo.00691.2006.
Nedergaard J, Cannon B (2013). UCP1 mRNA does not produce
heat. Biochimica et Biophysica Acta (BBA)-Molecular and
Cell Biology of Lipids 1831: 943–949. DOI 10.1016/j.
bbalip.2013.01.009.
Nedergaard J, Cannon B (2014). The browning of white adipose
tissue: Some burning issues. Cell Metabolism 20: 396–407.
DOI 10.1016/j.cmet.2014.07.005.
Nie B, Nie T, Hui X, Gu P, Mao L, Li K, Yuan R, Zheng J, Wang H, Li
K, Tang S, Zhang Y, Xu T, Xu A, Wu D, Ding S (2017).
Brown adipogenic reprogramming induced by a small
molecule. Cell Reports 18: 624–635. DOI 10.1016/j.
celrep.2016.12.062.
Ohno H, Shinoda K, Spiegelman BM, Kajimura S (2012). PPARγ
agonists induce a white-to-brown fat conversion through
stabilization of PRDM16 protein. Cell Metabolism 15: 395–
404. DOI 10.1016/j.cmet.2012.01.019.
Okla M, Kim J, Koehler K, Chung S (2017). Dietary factors
promoting brown and beige fat development and
thermogenesis. Advances in Nutrition: An International
Review Journal 8: 473–483. DOI 10.3945/an.116.014332.
Olsen JM, Csikasz RI, Dehvari N, Lu L, Sandstrom A, Oberg AI,
Nedergaard J, Stone-Elander S, Bengtsson T (2017). β3-
Adrenergically induced glucose uptake in brown adipose
tissue is independent of UCP1 presence or activity:
ADIPOCYTES RESPOND TO TEMPERATURE CHANGES IN A CELL-AUTONOMOUS MANNER 509
Mediation through the mTOR pathway. Molecular
Metabolism 6: 611–619. DOI 10.1016/j.molmet.2017.02.006.
Park A, KimWK, Bae KH (2014). Distinction of white, beige and brown
adipocytes derived from mesenchymal stem cells. World
Journal of Stem Cells 6: 33–42. DOI 10.4252/wjsc.v6.i1.33.
Peino R, Pineiro V, Gualillo O, Menendez C, Brenlla J, Casabiell X,
Dieguez C, Casanueva FF (2000). Cold exposure inhibits
leptin secretion in vitro by a direct and non-specific action
on adipose tissue. European Journal of Endocrinology 142:
195–199. DOI 10.1530/eje.0.1420195.
Petrovic N, Shabalina IG, Timmons JA, Cannon B, Nedergaard J
(2008). Thermogenically competent nonadrenergic
recruitment in brown preadipocytes by a PPARγ agonist.
American Journal of Physiology-Endocrinology and
Metabolism 295: E287–E296. DOI 10.1152/
ajpendo.00035.2008.
Petrovic N, Walden TB, Shabalina IG, Timmons JA, Cannon B,
Nedergaard J (2010). Chronic peroxisome proliferator-
activated receptor γ (PPARγ) activation of epididymally
derived white adipocyte cultures reveals a population of
thermogenically competent, UCP1-containing adipocytes
molecularly distinct from classic brown adipocytes. Journal
of Biological Chemistry 285: 7153–7164. DOI 10.1074/jbc.
M109.053942.
Pfannenberg C, Werner MK, Ripkens S, Stef I, Deckert A, Schmadl
M, Reimold M, Haring HU, Claussen CD, Stefan N (2010).
Impact of age on the relationships of brown adipose tissue
with sex and adiposity in humans. Diabetes 59: 1789–1793.
DOI 10.2337/db10-0004.
Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca
JD, Moorman MA, Simonetti DW, Craig S, Marshak DR
(1999). Multilineage potential of adult human
mesenchymal stem cells. Science 284: 143–147. DOI
10.1126/science.284.5411.143.
Power GG (1989). Biology of temperature: The mammalian fetus.
Journal of Developmental Physiology 12: 295–304.
Prockop DJ (1997). Marrow stromal cells as stem cells for
nonhematopoietic tissues. Science 276: 71–74. DOI
10.1126/science.276.5309.71.
Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman BM
(1998). A cold-inducible coactivator of nuclear receptors
linked to adaptive thermogenesis. Cell 92: 829–839. DOI
10.1016/S0092-8674(00)81410-5.
Qiu Y, Sun Y, Xu D, Yang Y, Liu X, Wei Y, Chen Y, Feng Z, Li S,
Reyad-Ul Ferdous M, Zhao Y, Xu H, Lao Y, Ding Q
(2018). Screening of FDA-approved drugs identifies sutent
as a modulator of UCP1 expression in brown adipose
tissue. EBioMedicine 37: 344–355. DOI 10.1016/j.
ebiom.2018.10.019.
Quesada-Lopez T, Cereijo R, Turatsinze JV, Planavila A, Cairo M,
Gavalda-Navarro A, Peyrou M, Moure R, Iglesias R, Giralt
M, Eizirik DL, Villarroya F (2016). The lipid sensor
GPR120 promotes brown fat activation and FGF21 release
from adipocytes. Nature Communications 7: 13479. DOI
10.1038/ncomms13479.
Ramseyer VD, Granneman JG (2016). Adrenergic regulation of
cellular plasticity in brown, beige/brite and white adipose
tissues. Adipocyte 5: 119–129. DOI 10.1080/
21623945.2016.1145846.
Rodriguez-Luccioni HL, Latorre-Esteves M, Mendez-Vega J, Soto O,
Rodriguez AR, Rinaldi C, Torres-Lugo M (2011). Enhanced
reduction in cell viability by hyperthermia induced by
magnetic nanoparticles. International Journal of
Nanomedicine 6: 373–380. DOI 10.2147/IJN.S14613.
Rodriguez Lanzi C, Perdicaro DJ, Landa MS, Fontana A, Antoniolli
A, Miatello RM, Oteiza PI, Vazquez Prieto MA (2018).
Grape pomace extract induced beige cells in white adipose
tissue from rats and in 3T3-L1 adipocytes. The Journal of
Nutritional Biochemistry 56: 224–233. DOI 10.1016/j.
jnutbio.2018.03.001.
Rossato M, GranzottoM, Macchi V, Porzionato A, Petrelli L, Calcagno
A, Vencato J, De Stefani D, Silvestrin V, Rizzuto R, Bassetto F,
De Caro R, Vettor R (2014). Human white adipocytes express
the cold receptor TRPM8 which activation induces UCP1
expression, mitochondrial activation and heat production.
Molecular and Cellular Endocrinology 383: 137–146. DOI
10.1016/j.mce.2013.12.005.
Saito M (2015). Capsaicin and related food ingredients reducing body
fat through the activation of TRP and brown fat
thermogenesis. Advances in Food and Nutrition Research
76: 1–28. DOI 10.1016/bs.afnr.2015.07.002.
Saito M, Okamatsu-Ogura Y, Matsushita M, Watanabe K, Yoneshiro
T, Nio-Kobayashi J, Iwanaga T, Miyagawa M, Kameya T,
Nakada K, Kawai Y, Tsujisaki M (2009). High incidence of
metabolically active brown adipose tissue in healthy adult
humans: Effects of cold exposure and adiposity. Diabetes
58: 1526–1531. DOI 10.2337/db09-0530.
Sanchez-Gurmaches J, Guertin DA (2014). Adipocytes arise from
multiple lineages that are heterogeneously and dynamically
distributed. Nature Communications 5: 4099. DOI 10.1038/
ncomms5099.
Sanchez-Gurmaches J, Hung CM, Sparks CA, Tang Y, Li H, Guertin
DA (2012). PTEN loss in the Myf5 lineage redistributes body
fat and reveals subsets of white adipocytes that arise from
Myf5 precursors. Cell Metabolism 16: 348–362. DOI
10.1016/j.cmet.2012.08.003.
Sato M, Tsuji T, Yang K, Ren X, Dreyfuss JM, Huang TL, Wang CH,
Shamsi F, Leiria LO, Lynes MD, Yau KW, Tseng YH (2020).
Cell-autonomous light sensitivity via Opsin3 regulates fuel
utilization in brown adipocytes. PLoS Biology 18: e3000630.
DOI 10.1371/journal.pbio.3000630.
Schafer MK, Eiden LE, Weihe E (1998). Cholinergic neurons and
terminal fields revealed by immunohistochemistry for the
vesicular acetylcholine transporter. II. The peripheral
nervous system. Neuroscience 84: 361–376. DOI 10.1016/
s0306-4522(97)80196-0.
Schiffelers SL, Saris WH, Boomsma F, Van Baak MA (2001). β1- and
β2-Adrenoceptor-mediated thermogenesis and lipid
utilization in obese and lean men. Journal of Clinical
Endocrinology & Metabolism 86: 2191–2199. DOI 10.1210/
jcem.86.5.7506.
Seale P, Bjork B, Yang W, Kajimura S, Chin S, Kuang S, Scime A,
Devarakonda S, Conroe HM, Erdjument-Bromage H,
Tempst P, Rudnicki MA, Beier DR, Spiegelman BM (2008).
PRDM16 controls a brown fat/skeletal muscle switch.
Nature 454: 961–967. DOI 10.1038/nature07182.
Shabalina IG, Petrovic N, De Jong JM, Kalinovich AV, Cannon B,
Nedergaard J (2013). UCP1 in brite/beige adipose tissue
mitochondria is functionally thermogenic. Cell Reports 5:
1196–1203. DOI 10.1016/j.celrep.2013.10.044.
Sharp LZ, Shinoda K, Ohno H, Scheel DW, Tomoda E, Ruiz L, Hu H,
Wang L, Pavlova Z, Gilsanz V, Kajimura S (2012). Human
BAT possesses molecular signatures that resemble beige/brite
cells. PLoS One 7: e49452. DOI 10.1371/journal.pone.0049452.
510 KSENIJA VELICKOVIC et al.
Shreve PD, Anzai Y, Wahl RL (1999). Pitfalls in oncologic diagnosis
with FDG PET imaging: Physiologic and benign variants.
RadioGraphics 19: 61–77. DOI 10.1148/radiographics.19.1.
g99ja0761.
Sun W, Uchida K, Takahashi N, Iwata Y, Wakabayashi S, Goto T,
Kawada T, Tominaga M (2016). Activation of TRPV2
negatively regulates the differentiation of mouse brown
adipocytes. Pflügers Archiv - European Journal of Physiology
468: 1527–1540. DOI 10.1007/s00424-016-1846-1.
Suter ER (1969). The fine structure of brown adipose tissue. I. Cold-
induced changes in the rat. Journal of Ultrastructure Research
26: 216–241. DOI 10.1016/S0022-5320(69)80003-1.
Symonds ME, Pope M, Budge H (2015). The ontogeny of brown
adipose tissue. Annual Review of Nutrition 35: 295–320.
DOI 10.1146/annurev-nutr-071813-105330.
Takahashi A, Shimazu T, Maruyama Y (1992). Importance of
sympathetic nerves for the stimulatory effect of cold
exposure on glucose utilization in brown adipose tissue.
Japanese Journal of Physiology 42: 653–664. DOI 10.2170/
jjphysiol.42.653.
Timmons JA, Wennmalm K, Larsson O, Walden TB, Lassmann T,
Petrovic N, Hamilton DL, Gimeno RE, Wahlestedt C, Baar
K, Nedergaard J, Cannon B (2007). Myogenic gene
expression signature establishes that brown and white
adipocytes originate from distinct cell lineages. Proceedings
of the National Academy of Sciences of the United States of
America 104: 4401–4406. DOI 10.1073/pnas.0610615104.
Uchida K, Dezaki K, Yoneshiro T, Watanabe T, Yamazaki J, Saito M,
Yada T, Tominaga M, Iwasaki Y (2017). Involvement of
thermosensitive TRP channels in energy metabolism.
Journal of Physiological Sciences 67: 549–560. DOI 10.1007/
s12576-017-0552-x.
Uchida K, Sun W, Yamazaki J, Tominaga M (2018). Role of thermo-
sensitive transient receptor potential channels in brown
adipose tissue. Biological and Pharmaceutical Bulletin 41:
1135–1144. DOI 10.1248/bpb.b18-00063.
Ukropec J, Anunciado RP, Ravussin Y, Hulver MW, Kozak LP
(2006). UCP1-independent thermogenesis in white adipose
tissue of cold-acclimated Ucp1-/- mice. Journal of Biological
Chemistry 281: 31894–31908. DOI 10.1074/jbc.M606114200.
Uldry M, Yang W, St-Pierre J, Lin J, Seale P, Spiegelman BM (2006).
Complementary action of the PGC-1 coactivators in
mitochondrial biogenesis and brown fat differentiation. Cell
Metabolism 3: 333–341. DOI 10.1016/j.cmet.2006.04.002.
Valencak TG, Osterrieder A, Schulz TJ (2017). Sex matters: The
effects of biological sex on adipose tissue biology and
energy metabolism. Redox Biology 12: 806–813. DOI
10.1016/j.redox.2017.04.012.
Valle A, Garcia-Palmer FJ, Oliver J, Roca P (2007). Sex differences in
brown adipose tissue thermogenic features during caloric
restriction. Cellular Physiology and Biochemistry 19: 195–
204. DOI 10.1159/000099207.
Van Der Lans AA, Hoeks J, Brans B, Vijgen GH, Visser MG,
Vosselman MJ, Hansen J, Jorgensen JA, Wu J, Mottaghy
FM, Schrauwen P, Van Marken Lichtenbelt WD (2013).
Cold acclimation recruits human brown fat and increases
nonshivering thermogenesis. Journal of Clinical
Investigation 123: 3395–3403. DOI 10.1172/JCI68993.
Van Marken Lichtenbelt WD, Vanhommerig JW, Smulders NM,
Drossaerts JM, Kemerink GJ, Bouvy ND, Schrauwen P,
Teule GJ (2009). Cold-activated brown adipose tissue in
healthy men. New England Journal of Medicine 360: 1500–
1508. DOI 10.1056/NEJMoa0808718.
Vargas D, Rosales W, Lizcano F (2015). Modifications of human
subcutaneous ADMSC after PPARγ activation and cold
exposition. Stem Cells International 2015: 196348. DOI
10.1155/2015/196348.
Velickovic K, Lugo Leija HA, Bloor I, Law J, Sacks H, Symonds M,
Sottile V (2018). Low temperature exposure induces browning
of bone marrow stem cell derived adipocytes in vitro.
Scientific Reports 8: 4974. DOI 10.1038/s41598-018-23267-9.
Velickovic K, Wayne D, HaL Leija, Bloor I, Morris DE, Law J,
Budge H, Sacks H, Symonds ME, Sottile V (2019). Caffeine
exposure induces browning features in adipose tissue in
vitro and in vivo. Scientific Reports 9: 9104. DOI 10.1038/
s41598-019-45540-1.
Vergara M, Torres M, Muller A, Avello V, Acevedo C, Berrios J,
Reyes JG, Valdez-Cruz NA, Altamirano C (2018). High
glucose and low specific cell growth but not mild
hypothermia improve specific r-protein productivity in
chemostat culture of CHO cells. PLoS One 13: e0202098.
DOI 10.1371/journal.pone.0202098.
Vergnes L, Davies GR, Lin JY, Yeh MW, Livhits MJ, Harari A,
Symonds ME, Sacks HS, Reue K (2016). Adipocyte
browning and higher mitochondrial function in periadrenal
but not SC fat in pheochromocytoma. Journal of Clinical
Endocrinology & Metabolism 101: 4440–4448. DOI
10.1210/jc.2016-2670.
Villarroya F, Domingo P, Giralt M (2009). The importance of brown
adipose tissue. New England Journal of Medicine 361: 417,
author reply 418–421.
Vitali A, Murano I, Zingaretti MC, Frontini A, Ricquier D, Cinti S
(2012). The adipose organ of obesity-prone C57BL/6J mice
is composed of mixed white and brown adipocytes. Journal
of Lipid Research 53: 619–629. DOI 10.1194/jlr.M018846.
Walden TB, Hansen IR, Timmons JA, Cannon B, Nedergaard J
(2012). Recruited vs. nonrecruited molecular signatures of
brown, “brite,” and white adipose tissues. American Journal
of Physiology-Endocrinology and Metabolism 302: E19–E31.
DOI 10.1152/ajpendo.00249.2011.
Wang Q, Zhang M, Ning G, Gu W, Su T, Xu M, Li B, Wang W
(2011). Brown adipose tissue in humans is activated by
elevated plasma catecholamines levels and is inversely
related to central obesity. PLoS One 6: e21006. DOI
10.1371/journal.pone.0021006.
Wang W, Kissig M, Rajakumari S, Huang L, Lim HW, Won KJ, Seale
P (2014). Ebf2 is a selective marker of brown and beige
adipogenic precursor cells. Proceedings of the National
Academy of Sciences of the United States of America 111:
14466–14471. DOI 10.1073/pnas.1412685111.
Watanabe I, Okada S (1967). Effects of temperature on growth rate of
cultured mammalian cells (L5178Y). Journal of Cell Biology
32: 309–323. DOI 10.1083/jcb.32.2.309.
Watanabe T, Terada Y (2015). Food compounds activating
thermosensitive TRP channels in Asian herbal and
medicinal foods. Journal of Nutritional Science and
Vitaminology 61: S86–S88. DOI 10.3177/jnsv.61.S86.
Westerterp-Plantenga MS, Rolland V, Wilson SA, Westerterp KR
(1999). Satiety related to 24 h diet-induced thermogenesis
during high protein/carbohydrate vs high fat diets
measured in a respiration chamber. European Journal of
Clinical Nutrition 53: 495–502. DOI 10.1038/sj.ejcn.1600782.
Westerterp-Plantenga MS, Smeets A, Lejeune MP (2005). Sensory
and gastrointestinal satiety effects of capsaicin on food
intake. International Journal of Obesity 29: 682–688. DOI
10.1038/sj.ijo.0802862.
ADIPOCYTES RESPOND TO TEMPERATURE CHANGES IN A CELL-AUTONOMOUS MANNER 511
Wetsel WC (2011). Sensing hot and cold with TRP channels.
International Journal of Hyperthermia 27: 388–398. DOI
10.3109/02656736.2011.554337.
Wu J, Bostrom P, Sparks LM, Ye L, Choi JH, Giang AH, Khandekar
M, Virtanen KA, Nuutila P, Schaart G, Huang K, Tu H, Van
Marken Lichtenbelt WD, Hoeks J, Enerback S, Schrauwen P,
Spiegelman BM (2012). Beige adipocytes are a distinct type of
thermogenic fat cell in mouse and human. Cell 150: 366–376.
DOI 10.1016/j.cell.2012.05.016.
Xue Y, Xu X, Zhang XQ, Farokhzad OC, Langer R (2016). Preventing
diet-induced obesity in mice by adipose tissue transformation
and angiogenesis using targeted nanoparticles. Proceedings of
the National Academy of Sciences of the United States of
America 113: 5552–5557. DOI 10.1073/pnas.1603840113.
Yao X, Salingova B, Dani C (2019). Brown-like adipocyte progenitors
derived from human iPS cells: A new tool for anti-obesity
drug discovery and cell-based therapy? Handbook of
Experimental Pharmacology 251: 97–105. DOI 10.1007/
164_2018_115.
Ye L, Kleiner S, Wu J, Sah R, Gupta RK, Banks AS, Cohen P,
Khandekar MJ, Bostrom P, Mepani RJ, Laznik D,
Kamenecka TM, Song X, Liedtke W, Mootha VK,
Puigserver P, Griffin PR, Clapham DE, Spiegelman BM
(2012). TRPV4 is a regulator of adipose oxidative
metabolism, inflammation, and energy homeostasis. Cell
151: 96–110. DOI 10.1016/j.cell.2012.08.034.
Ye L, Wu J, Cohen P, Kazak L, Khandekar MJ, Jedrychowski MP,
Zeng X, Gygi SP, Spiegelman BM (2013). Fat cells directly
sense temperature to activate thermogenesis. Proceedings of
the National Academy of Sciences of the United States of
America 110: 12480–12485. DOI 10.1073/pnas.1310261110.
Zhai M, Yang D, Yi W, Sun W (2020). Involvement of calcium
channels in the regulation of adipogenesis. Adipocyte 9:
132–141. DOI 10.1080/21623945.2020.1738792.
Zhang F, Hao G, Shao M, Nham K, An Y, Wang Q, Zhu Y,
Kusminski CM, Hassan G, Gupta RK, Zhai Q, Sun X,
Scherer PE, Oz OK (2018). An adipose tissue atlas: An
image-guided identification of human-like BAT and beige
depots in rodents. Cell Metabolism 27: 252–262.e3. DOI
10.1016/j.cmet.2017.12.004.
Zhang JW, Klemm DJ, Vinson C, Lane MD (2004). Role of CREB in
transcriptional regulation of CCAAT/enhancer-binding
protein β gene during adipogenesis. Journal of Biological
Chemistry 279: 4471–4478. DOI 10.1074/jbc.M311327200.
Zheng J (2013). Molecular mechanism of TRP channels.
Comprehensive Physiology 3: 221–242. DOI 10.1002/cphy.
c120001.
Zingaretti MC, Crosta F, Vitali A, Guerrieri M, Frontini A, Cannon
B, Nedergaard J, Cinti S (2009). The presence of
UCP1 demonstrates that metabolically active adipose
tissue in the neck of adult humans truly represents brown
adipose tissue. FASEB Journal 23: 3113–3120. DOI
10.1096/fj.09-133546.
Zu Y, Overby H, Ren G, Fan Z, Zhao L, Wang S (2018). Resveratrol
liposomes and lipid nanocarriers: Comparison of
characteristics and inducing browning of white adipocytes.
Colloids and Surfaces B: Biointerfaces 164: 414–423. DOI
10.1016/j.colsurfb.2017.12.044.
512 KSENIJA VELICKOVIC et al.
